During gait the motion of the residual femur within a trans-femoral socket may be estimated using video recorded data from two ultrasound transducers attached to the socket wall. This paper reviews possible measurement errors and identifies the magnitude of the inaccuracies. Inaccuracies due to equipment limitations and those due to human error are identified and quantified. Ranges of flexion/extension and abduction/adduction of the residual femur within the socket during gait have been estimated with a cumulative level of inaccuracy of <1°.
Introduction
Socket fit is a function of a number of factors. Klasson (1995) identified the stiffness of the coupling between the skeleton and the socket as a significant factor in socket fit. Socket fit may be quantified if the motion of the residual bone within the socket during the gait cycle can be monitored.
Diagnostic ultrasound has no known side effects and was used by Matsopoulos (1993) to assess the static position of the residual femur in both quadrilateral and ischial containment transfemoral sockets. This paper reports on the accuracy of positioning two ultrasound transducers on a trans-femoral socket, video recording the ultrasound data during gait, and All correspondence to be addressed to Kevin Murray, National Centre for Training and Education in Prosthetics and Orthotics, Curran Building, University of Strathclyde, 131 St James' Road, Glasgow G4 0LS, Scotland, UK. Tel: (+44) 141 548 3525. Fax: (+44) 141 552 1283. E-mail: kevin.d.murray@strath.ac.uk the subsequent analysis and interpretation of the data.
Since the femur is approximately 50mm under the stump surface, 5MHz linear array transducers were selected in order to provide optimum resolution of the ultrasound image. The length of scan of the proximally positioned transducer was 29mm and that of the distally positioned transducer was 61mm. Both transducers were connected to a Shimadzu diagnostic ultrasound scanner . Bevington and Robinson (1992) identified two sources of measurement error, that due to instrumentation and that due to the researcher. In this paper the accuracy of the ultrasound equipment was determined by comparing the ultrasound measurement of the motion of a tube within a water filled tank with that measured using a calibrated potentiometer. During gait studies the ultrasound data was video recorded and measured on "paused" playback. The ultrasound measurement of video recorded motion and that measured "live" were compared. Likewise the human error involved in repeat ultrasound measurements from the same video was established.
Methodology
Calibration of the ultrasound system took place in a series of 4 stages. The first stage verified the accuracy of a potentiometer. The random angular motion of a tube in a water tank was monitored in the second stage and comparisons between ultrasound measurement and the calibrated potentiometer were made. The third stage compared the ultrasound measurements noted in stage 2 with exactly the same motion measured from a video playback. The fourth and final stage of calibration assessed the repeatability of ultrasound measurements of the same video recording of the residual femur's motion, relative to the socket, during gait.
A lOkW rotational resistor capable of measuring 360° was selected as the appropriate potentiometer for the first stage of calibration. A goniometer of 250mm radius was constructed, with 10° intervals accurately identified. A 250mm long metal tube was pinned to a support bar and the potentiometer was attached to the pivot axis of the tube, as illustrated in Figure 1 . The tube and potentiometer were located on the support bar in such a way that the pivot axis coincided with the centre of the goniometer. A needle attached through the distal end of the tube was positioned accurately at pre-set 10°i ntervals, over a range of 50°. The change in resistance for each 10° rotation of the tube was recorded. This procedure was repeated 8 times.
During the second stage of calibration the angular motion of the 250mm long metal tube in a water filled perspex tank was measured using two ultrasound transducers and the calibrated potentiometer. Two openings small enough to accommodate the sensors of each transducer were cut on the vertical wall of the water tank. A circular 5mm thick moulded polyethylene sheet clamped the two transducers flush with the vertical wall such that the sensing surfaces of both transducers were in contact with the water. The 29mm long sensor was positioned higher relative to the tank brim and the 61mm long sensor was positioned at a lower level. Initially the relative orientation of the two transducers on the wall of the tank was established. Three long, parallel, 3mm diameter threaded rods were screwed through a 12mm thick plate that was positioned over the water tank such that the rods could be lowered into the tank, parallel to the vertical tank wall. Spherical targets of 5mm diameter were fixed to each rod. A 3-dimensional axis system was adopted since the cross-sectional area of the water tank was rectangular. As shown in Figure 2a , with the sensors on the back wall of the tank, the x axis was assumed to be horizontal and parallel to the tank wall. The y axis was assumed to be vertical and parallel to the tank wall. The z axis was assumed to be horizontal and perpendicular to the tank wall, as shown in Figure 2b where the sensors are on the left side wall of the tank. As the three targets were gradually lowered into the water tank, the x and z co-ordinates of each target were detected first by the higher ultrasound transducer and then by the lower ultrasound transducer. The ultrasound measurement scale using the scanner may be read to an accuracy of lmm. A Vernier height gauge measured the immersion of the rods to determine the vertical off-set of the two transducers. The scan plane of one ultrasound transducer relative to the other was estimated from the x, y and z co-ordinates of the 3 targets. The relative horizontal off-set of both transducers was determined by comparing the x co-ordinates of the three targets. This procedure was repeated 3 times.
Pilot studies suggest that during gait the maximum range of flexion/extension and abduction/adduction of the residual femur relative to the socket wall will be approximately ±10° and ±5° respectively. The support bar of the tube was clamped to the brim of the tank such that the pivoting motion of the tube was at 30° to the instrumented vertical wall of the tank. The angular motion of the tube within the tank, measured by the calibrated potentiometer, was resolved into "flexion/extension" components parallel to the tank wall carrying the sensors and "abduction/adduction" components at right angles to the tank wall. The angular position of the tube was adjusted randomly 33 times over a total pivoting range of approximately ±12°. Figure 3 illustrates the ultrasound image of the tube as a semi-circular arc and the 29mm sensor surface as the horizontal line across the top of the screen. The "apex" of this circular arc was tracked as the tube moved within the tank. The z co-ordinate or distance from the transducer surface was measured as shown, together with the x co-ordinate or distance from the centre line of the transducer. The abduction/adduction of the tube relative to the vertical wall of the tank was estimated by dividing the difference in the z coordinates of the apex by y, the vertical distance between the two transducers. Similarly, knowing the difference in the x co-ordinates of the apex and the horizontal off-set of the transducers, the flexion/extension of the tube may be estimated. The flexion/extension and abduction/adduction motion indicated by the potentiometer output was compared with the corresponding motion estimated from ultrasound measurements.
The ultrasound data from amputee gait studies must be video recorded. The ultrasound scanner (SDU-400) has the capability of using paused video playback to measure motion. As the second stage of calibration took place the motion of the ultrasound image of the tube in the water tank was video recorded. The third stage of calibration assessed the accuracy of ultrasound measurements of the video recorded image during stage 2 compared with that noted during live measurements. Thus it was possible to assess if there were any differences between live and video recorded ultrasound data.
With the trans-femoral patient standing stationary, the ultrasound transducers were held against the outer wall of a check socket and repositioned to ensure a centralised ultrasound image of the residual femur on the monitor of the scanner. The distal transducer, for example, had to be internally rotated on the socket relative the proximal transducer. The optimal positions of both transducers were marked on the lateral wall of the check socket. The final cast was rectified in these areas to ensure a good contact between transducer and stump tissue. Two openings, small enough to accommodate the sensors, were cut in the final socket wall as shown in Figure 4a . The amputee donned the prosthesis and ultrasound gel was applied to the exposed stump tissue at the two openings. The two ultrasound transducers were attached transversely to the lateral socket wall of a transfemoral prosthesis using a 5mm thick polyethylene moulded housing, as shown in Figure 4b . The scan planes of both transducers were parallel, approximately at right angles to the socket axis and the cable end of both transducers were aligned one above the other. In order to verify accurately the orientation of one transducer relative to the other, a procedure similar to that used with the water tank was adopted. The 3 long parallel rods with 5mm targets were lowered into the water filled socket. As the three targets were gradually lowered into the socket, parallel to the socket axis, their locations were detected first by the proximal transducer and then by the distal transducer. The relative depths of the targets, within the socket, were measured using a Vernier height gauge. The scan plane of one ultrasound transducer relative to the other one was estimated from the ultrasound and height measurements. This procedure was repeated 3 times.
The fourth and final stage of calibration assessed the repeatability by the same individual measuring the same video of ultrasound data. Motion of the residual femur relative to the trans-femoral socket was video recorded at 50Hz during a single gait cycle. The x and z co-ordinates of the "apex" of the femur image at both transducer locations were measured. This measurement procedure was randomly repeated 10 times for every fourth frame of the gait cycle. Hence the possible human error of interpreting the same video recorded ultrasound data was statistically analysed.
In subsequent ultrasound studies the measurements were adjusted to compensate for the relative orientation of both socket mounted transducers. During these gait studies the two transducers were connected to two similar ultrasound scanners. The scanners were synchronised to ensure that the ultrasound data from both transducers was video recorded simultaneously. Hence the motion of the residual femur within the socket during transfemoral gait was estimated. 
Results
Table 1 lists the mean and standard deviation of the potentiometer output for 8 repeat preselected angular positions of the tube, as illustrated in Figure 1 . Graph 1 compares the change in resistance of the potentiometer with the goniometer measurement of the tube's angular motion. Table 2 lists the mean and standard deviations of the x, y and z co-ordinates of the 3 targets as they were lowered into the water tank. The average vertical distance between the two scanning planes was 150.5mm with a standard deviation of 0.6mm. The horizontal distance, z, from the transducer or water, tank wall to the targets was the same for both proximal and distal transducers. This implies that the targets were lowered vertically into the water tank.
The orientation of the tube within the tank was measured at 33 random positions. Graph 2 compares the estimated flexion/extension motion of the tube predicted from the potentiometer output with that predicted from ultrasound measurements. Graph 3 compares the estimated abduction/adduction motion of the tube predicted from the potentiometer output with that predicted from ultrasound measurements. The video recorded ultrasound data of the same 33 random positions of the tube motion within the water tank were analysed. Identical graphs of abduction/adduction and flexion/extension of the tube were obtained. Table 3 lists the mean and standard deviations of the x, y and z co-ordinates of the 3 targets as they were lowered into the socket through the scanning planes of both transducers. Using the data presented in Table 3 the relative positions of both transducers on the lateral socket wall may be estimated. Ultrasound data, video recorded during gait, was measured at 0.08s intervals. This procedure was repeated 10 times. Table 4 lists for both transducers the mean and standard deviations of the x and z co-ordinates of the femur. Table 1 indicates the mean potentiometer output for pre-selected angular positions of the tube. The average standard deviation at any preselected angle was 4.3ohms. The gradient of Graph 1 indicates a 30.6ohms resistance change per degree angular motion, or alternatively 0.03°p er ohm. Thus, using the potentiometer output to position the tube, based on an error of ±4.3ohms, a repeatability of ±0.14° may be achieved.
Discussion
Based on the results from Table 2 , the relative orientation of the two transducers on the vertical wall of the water tank may be verified. There is a difference in Table 2 in the horizontal distance, x, from the centre of each transducer to the 3 targets. A comparison of columns 4 and 6 in Table 3 . Socket wall: co-ordinates of targets B, A nd C. Table 2 indicates an average difference of 2.8mm. This suggests a 2.8mm horizontal offset of the centres of both transducer when mounted on the wall of the water tank The scanning planes of both transducers were parallel, the vertical off-set of the two transducers was 150.5mm. The flexion/extension and abduction/adduction motion of the tube relative to the vertical wall of the water tank was estimated once the relative orientation of the two transducers was known. Graphs 2 and 3 demonstrate the similarity in the predicted motion of the tube from the ultrasound measurements and from the potentiometer. The gradient of Graph 2 is 0.99. A comparison of the predicted flexion/extension motion indicates an average error of 0.21° with a standard deviation of 0.44°. The gradient of Graph 3 is 0.96. A comparison of the predicted abduction/adduction motion indicates an average error of 0.10° with a standard deviation of 0.39°.
Graphs identical to that of Graphs 2 and 3 were obtained when the same motion was measured on ultrasound video playback Table 3 indicates that the average vertical distance between the scanning planes of the transducers mounted on the lateral socket wall was 93.7mm with a standard deviation of 0.4mm. If the centres of both transducers had been accurately positioned one directly above the other the x dimensions of the three markers would have been similar. Subtracting columns 4 from column 6 in Table 3 indicates an average difference of the x dimension from the centre of each transducer to the targets was 14.7mm. This suggests that the centre of the distal transducer was 14.7mm anterior to the centre of the proximal transducer. However, the proximal transducer has a sensor length of 29mm compared with 61mm in the case of the distal transducer. Thus, the cable end of the longer distal transducer was only {[(61-29)/2] -14.7} or 1.3mm anterior of the cable end of the shorter proximal transducer. Column 4 of Table 3 indicates that the horizontal distance x between targets B and C was 24mm for the proximal transducer whereas from column 6 the difference in the x co-ordinates of B and C was 22.8mm. An average x dimension for BC may be assumed to be 23.4mm. Likewise a comparison of the z co-ordinates from columns 8 and 10 in Table 3 indicates a difference in the mean z distances, from the transducers to the targets B and C, (0.6mm vs 3.2mm). Thus, the internal rotation of the distal transducer may be estimated from tan'((3.2-0.6)/23.4)=6.3°. The prosthetist, using an angle setter spirit level at both socket locations, estimated an 8° internal rotation of the distal transducer. Hence, the relative orientation of the two transducers on the socket was such that, the scanning planes were parallel, the vertical off-set of the two transducers was 93.7mm, the horizontal off-set of the cable end of distal transducer was 1.3mm anterior and the distal transducer was internally rotated by 8°. In subsequent studies the x and z co-ordinates of the distal transducer require to be modified to compensate for the orientation of the distal transducer relative to the proximal transducer.
The x and z co-ordinates of the femur relative to the two transducers during gait were measured on video playback. The mean and standard deviations listed in Table 4 are based on every fourth frame being measured 10 times. At any instant in gait, the degree of abduction/adduction of the residual femur relative to the socket wall can be estimated from tan'1 (the differences in the adjusted z coordinates between the two transducers/vertical height between the transducers). Likewise at any instant in gait, the degree of flexion/extension of the femur relative to the socket wall can be estimated from tan 1 (the differences in the adjusted x co-ordinates between the two transducers/93.7). The possible error factor may be estimated from the average of the standard deviations of the mean co-ordinates. In the case of abduction/adduction, combining the average standard deviations indicates an error of tan"' ((0.33+0.37)/93.7)=±0.4°. In the case of flexion/extension, combining the average standard deviations indicates an error of tan 1 ((0.41+0.46)/93.7)=±0.5°.
Conclusions
Possible sources of error using ultrasound to estimate the motion of the residual femur within a trans-femoral socket during gait have been investigated. Initially a potentiometer was calibrated to an accuracy of ±0.14°. Water tank studies established the relative orientation of the higher and lower transducers on the water tank wall. Random angular motion of a tube within the water tank established that the average error between the ultrasound and potentiometer measurements was 0.2°. Ultrasound measurements of the same motion whether live or on video playback, were identical. Studies of a water filled socket assessed the relative orientation of two transducers attached to the socket wall. Repeat measurements of ultrasound gait data indicates that the maximum error to be of the order of 0.5°.
These results suggest that although the procedure is time consuming, measurement of the motion of the residual femur within the trans-femoral socket during gait is achievable. Femoral motion within a trans-femoral socket during gait will be presented in a future paper.
